Background Detailed recognition of the three-dimensional (3-D) deformity in acetabular dysplasia is important to help guide correction at the time of reorientation during periacetabular osteotomy (PAO). Common plain radiographic parameters of acetabular dysplasia are limited in their ability to characterize acetabular deficiency precisely.
patients with symptomatic acetabular dysplasia undergoing evaluation for surgical planning of PAO were then retrospectively studied. CT scans were analyzed quantitatively for acetabular coverage, relative to established normative data for acetabular coverage, as well as measurement of femoral version. The cohort included 45 females and five males with a mean age of 26 years (range, 13-49 years). Results Lateral acetabular deficiency was present in all patients, whereas anterior deficiency and posterior deficiency were variable. Three patterns of acetabular deficiency were common: anterosuperior deficiency ( , p = 0.040). Hip internal rotation in flexion was significantly greater in anterosuperior deficiency (23°versus 18°, p = 0.05), whereas external rotation in flexion was significantly greater in posterosuperior deficiency (43°versus 34°, p = 0.018). Acetabular deficiency pattern did not correlate with femoral version, which was variable across all subtypes. Conclusions Three patterns of acetabular deficiency commonly occur among young adult patients with mild, moderate, and severe acetabular dysplasia. These patterns include anterosuperior, global, and posterosuperior deficiency and are variably observed independent of femoral version. Recognition of these distinct morphologic subtypes is important for diagnostic and surgical treatment considerations in patients with acetabular dysplasia to optimize acetabular correction and avoid femoroacetabular impingement.
Introduction
Acetabular dysplasia is recognized as a common cause of hip pain in young adults and, in some patients, a cause of hip osteoarthritis later in life [13, 20] . Deficiency of the bony acetabulum results in hip instability and acetabular rim overload with subsequent damage to the labrum and articular cartilage [9] . Classic descriptions of acetabular dysplasia include anterosuperior acetabular deficiency. However, acetabular retroversion has been reported in approximately one in seven hips with dysplasia [12] . Symptomatic acetabular dysplasia is increasingly treated with periacetabular osteotomy (PAO) in an attempt to reorient the underlying acetabular coverage.
Precise understanding of the bony deficiency pattern is particularly important for accurate surgical correction of the underlying deformity. PAO is a well-established treatment for acetabular dysplasia with the ability to reorient the acetabulum in all three planes. Acetabular correction appears to play a role in the outcomes of PAO, but ideal targets for correction remain to be better defined. However, plain radiographs are limited in their ability to assess and characterize acetabular morphology [4] . Plain radiographic parameters, including the crossover sign and posterior wall sign, are commonly used to assess acetabular version. The crossover sign generally indicates acetabular retroversion but does not differentiate if this is the result of anterior overcoverage or posterior undercoverage. Zaltz et al. [21] demonstrated poor specificity of the crossover sign on plain radiographs for underlying acetabular retroversion. Similarly, Larson et al. [10] demonstrated that a crossover sign and posterior wall sign are common findings in ''normal'' hips. The posterior wall sign indicates posterior undercoverage but does not differentiate subtle undercoverage from severe undercoverage. Accurate and precise characterization of acetabular morphology remains important for guiding surgical reorientation of the dysplastic hip.
Three-dimensional (3-D) characterization of bony anatomy from MRI has traditionally been difficult. Only recently have techniques allowed for such modeling from MRI, but these techniques remain labor-intensive and not routinely available. Three-dimensional imaging with CT remains the gold standard for characterization of bony anatomy. Recent advances in low-dose CT imaging now allow for decreased radiation exposure, roughly equivalent to three to five (0.75-1.25 mSv) AP pelvis radiographs [14] . Normative data from CT have been recently reported for detailed regional acetabular coverage in normal asymptomatic populations [10] . The 3-D characterization of bony deficiency in acetabular dysplasia, however, has not yet been well defined.
The purposes of the current study were (1) to determine the variability in 3-D acetabular deficiency in acetabular dysplasia; (2) to define subtypes of acetabular dysplasia based on 3-D morphology; (3) to determine the correlation of plain radiographic parameters with 3-D morphology; and (4) to determine the association of acetabular dysplasia subtype with patient clinical characteristics including sex, range of motion (ROM), and femoral version.
Patients and Methods
Using our hip preservation database, we identified 153 hips (148 patients) that underwent PAO from October 2013 to July 2015. From that group, 103 hips in 100 patients had symptomatic (pain and functional limitations) acetabular dysplasia (lateral center-edge angle [LCEA] \ 20°) and a Tönnis grade of 0 or 1 on plain AP pelvis radiography [4] . LCEA and acetabular inclination were measured on AP pelvis radiographs. Eighty-six of these patients (86%) underwent preoperative low-dose pelvic CT scans at our institution as part of the preoperative planning for PAO. Hips with a history of a neuromuscular disorder, prior trauma, prior surgery, radiographic evidence of joint degeneration, ischemic necrosis, Perthes-like deformities (large aspherical femoral head, a short femoral neck, and a high-riding greater trochanter) [9, 11] , and inadequate imaging were excluded. In the cases of bilateral procedures, only the first surgical side was included. Fifty hips in 50 patients ultimately met inclusion criteria. It is currently our standard to obtain preoperative low-dose pelvic CT scans (0.75-1.25 mSv, equivalent to three to five AP pelvis radiographs) on all patients before undergoing PAO unless a prior CT scan was performed at an outside institution.
CT scans were analyzed using computer modeling software (Dyonics Plan Hip Impingement Planning System; Smith & Nephew, Andover, MA, USA). Acetabular coverage was assessed with pelvic rotation and obliquity corrected to a neutral position. Acetabular coverage was assessed with the pelvic tilt in its neutral supine resting position. Acetabular anatomy was characterized with a standard clockface position where the 3:00 position is anterior and corresponds to the psoas U indentation at this location (as well as the 6:00 position corresponding to the inferior margin of the acetabular fossa) [11] . Acetabular coverage was characterized with the measurement of radial coverage at each 15-minute clockface position from 9:00 to 12:00 to 3:00 ( Fig. 1 ). Acetabular version was measured at the 1:00, 2:00, and 3:00 positions with the 1:00 position corresponding to cranial (superior) acetabular version and the 3:00 position to central acetabular version. Simulated AP pelvis radiographs were used for characterization of the presence of a crossover sign or posterior wall sign to remove the effect of alterations in pelvic tilt and rotation that are frequently present on AP pelvis radiographs. Femoral version was defined by the axis of the femoral neck and the posterior condylar axis of the knee. Femoral version was classified as increased anteversion ([ 20°), normal anteversion (5°-20°), and relative retroversion (\ 5°).
Acetabular deficiency was characterized by comparison of radial coverage values from 9:00 to 3:00 to normative data on acetabular coverage [8] . All measurements were performed by a single reader (JJN). The intraobserver reliability of all radiographic parameters was assessed in a subset of 10 patients with reads separated by greater than 2 weeks. All parameters had excellent intraobserver reliability (intraclass correlation coefficient range of parameters 0.8-1.0). The mean normative coverage ± 1 SD was considered normal. Coverage maps (Fig. 2) were used to identify regions of acetabular deficiency. Regions were defined as anterior (1:30-3:00), lateral (10:30-1:30), and posterior (9:00-10:30). Bony undercoverage was defined by three or more consecutive 15-minute locations with undercoverage within a region (Fig. 2) .
We defined three subtypes of acetabular dysplasia based on patterns observed: anterosuperior (AS) deficiency, global (G) deficiency, and posterosuperior (PS) deficiency. Characterization of the regions of maximal acetabular deficiency was used for classification. Hips with anterosuperior deficiency had primarily undercoverage anteriorly and laterally. Hips with global deficiency had lateral undercoverage with variable degrees of, but similar, anterior and posterior undercoverage. Hips with posterosuperior deficiency had undercoverage primarily laterally and posteriorly.
The mean age of patients in the cohort was 26 years (range, 13-49 years). The cohort included 60% right hips (n = 30) and 40% left hips (n = 20). Ninety percent (n = 45) of hips were in female patients, whereas five (10%) were in male patients. The mean LCEA was 14°± 5°, whereas the mean acetabular inclination was 16°± 5°. A positive crossover sign was present in 13 of 50 (26%) hips, whereas a positive posterior wall sign was present in 26 of 50 (52%). The mean femoral version was 19°± 13°. Increased femoral anteversion ([ 20°) was present in 17 of 50 (34%), whereas relative femoral retroversion (\5°) was present in seven of 50 (14%). The mean femoral neck-shaft angle was 137°± 6°. Clinical hip ROM was recorded by a single surgeon (JCC) at the time of preoperative evaluation, including internal rotation in 90°of flexion (IRF) and external rotation in 90°of flexion (ERF). Twenty-three hips (46%) had mild acetabular dysplasia, whereas 27 hips (54%) had moderate to severe dysplasia. Twenty-three hips (46%) had an acetabular inclination B 15°, whereas 27 hips (54%) had an acetabular inclination[15°. Overall, 34% of hips had a LCEA \ 15°and acetabular inclination [ 15°.
Univariate statistical analysis was used to compare continuous and categorical variables between dysplasia subtypes. Chi-square test was used to compare categorical variables (or Fisher's exact test). Student's t-test (two groups) or one-way analysis of variance (more than two groups) was used to compare continuous variables between groups. A p value \ 0.05 was considered significant.
Results
Lateral acetabular deficiency was present in all patients (relative to normative coverage), whereas anterior deficiency and posterior deficiency were variable. Radial coverage at 12:00 averaged 17°± 5°. Acetabular version at the 1:00, 2:00, and 3:00 positions averaged 5°, 10°, and 18°, respectively. Cranial acetabular retroversion (\ 0°at 1:00) was present in 11 of 50 (22%) hips. Anterior acetabular deficiency was present in 32 of 50 hips (64%), whereas posterior acetabular deficiency was present in 34 of 50 hips (68%).
Acetabular deficiency was subclassified as global deficiency in 18 of 50 (36%) hips, anterosuperior deficiency in 15 of 50 hips (30%), and posterosuperior deficiency in 17 of 50 hips (34%) (Table 1; Fig. 1 ). Radial coverage values of the 9:00 posterior to 3:00 anterior positions varied by subtype of acetabular dysplasia (Table 2 ; Fig. 3 ). Hips with anterosuperior deficiency had less coverage from the 1:00 to 3:00 positions (all p \ 0.002) while having greater coverage at the 9:00 to 11:00 (all p \ 0.001) positions compared with other hips (Table 2) . Hips with posterosuperior deficiency had more coverage from the 1:00 to 3:00 positions while having less coverage at the 9:00 to 10:00 (all p\0.001) positions compared with other hips ( Table 2) .
The presence or absence of a radiographic crossover sign (7% AS, 22% G, 47% PS; p = 0.031) and posterior wall sign (20% AS, 44% G, 88% PS; p \ 0.001) was Fig. 3 Mean radial acetabular coverage by acetabular dysplasia subtype demonstrates the radial coverage of the three acetabular dysplasia subtypes relative to normal. Acetabular coverage was characterized with the measurement of radial coverage at each 15-minute clockface position from 9:00 to 12:00 to 3:00. (Table 1) . With the numbers available, we did not see any difference in posterosuperior acetabular deficiency between the mildly and the moderately to severely dysplastic hips (44% versus 26%, p = 0.192). No difference in femoral version was observed with the numbers available among the three subtypes of acetabular dysplasia. Hip IRF was greater in hips with anterosuperior deficiency compared with other patterns (23°± 8°versus 18°± 9°, p = 0.05). Hip ERF was greater in hips with global deficiency compared with other patterns (43°± 12°versus 34°± 15°, p = 0.018).
Discussion
An understanding of the pattern of bony deficiency of hips with acetabular dysplasia is important to optimize the accuracy and precision of bony reorientation. The current study characterizes 3-D deformity in hips with acetabular dysplasia relative to normative acetabular coverage. Hips with mild, moderate, and severe acetabular dysplasia demonstrate variable patterns of acetabular deficiency and version. Three patterns of acetabular deficiency are present in roughly similar proportions and include anterosuperior deficiency, global deficiency, and posterosuperior deficiency. Patterns of acetabular deficiency appear to be associated with sex (posterosuperior deficiency is more common among males) and other clinical characteristics (differences in hip IRF and ERF between acetabular deficiency patterns) while not being associated with femoral version.
The current study has several limitations. The sample size of 50 hips limits the precision of estimates of the prevalence of dysplasia subtype and the power of statistical comparisons between smaller subgroups. Males with acetabular dysplasia are less common than females with only five patients in the current study. The current study provides some data in this male subgroup, but larger studies are needed to better characterize this subgroup. However, the current sample size does allow for adequate demonstration of the variability of coverage patterns and allows estimates of the prevalence of disease patterns. Additionally, it is possible that other patterns of acetabular deficiency exist but were not present in the current cohort. Radiographic CT measurements in the current study were performed by a single individual and excellent intraobserver reliability was demonstrated in a subset of patients. Interobserver reliability may be less and could result in differences in the current data, but the computer-assisted nature of CT measurements in the current software would make this less likely. Acetabular morphology has been demonstrated to be influenced by pelvic position [16, 17] . In the current study, acetabular morphology was analyzed in its supine state rather than using correction to the anterior pelvis plane or correction to the standing position. This supine position allows for the most similar comparisons to previous literature on the morphology of the dysplastic hip.
In this initial study, we describe the variation in acetabular deficiency that occurs between hips including deficiency in the anterior, lateral, and posterior locations. The increased recognition and treatment of symptomatic acetabular dysplasia in the young adult underscore the importance of accurate deformity characterization in this population. Overcorrection of acetabular dysplasia with PAO has been shown to potentially result in restricted ROM and iatrogenic femoroacetabular impingement. Variability in the acetabular morphology in dysplastic hips has been previously investigated with early investigation focused on consequences for THA [3, 15] . Cranial (superior) acetabular retroversion has been reported to be present in 17% of dysplastic hips [6, 12] . Li and Ganz [12] noted the importance of assessment of cranial acetabular retroversion rather than central retroversion, which would often appear normal. In their study (based on plain radiographs), patterns of deficiency observed were most commonly anterolateral deficiency, but they also observed isolated anterior, lateral, and posterolateral deficiency patterns.
Tannast et al. also demonstrated high variability of acetabular coverage in dysplastic hips based on plain radiographs [18] . Their study reported three different morphologic subtypes of acetabular deficiency: anterior deficiency in 56%, global deficiency in 33%, and posterior deficiency in 11%. Several studies have previously characterized the dysplastic acetabulum on CT [1, 2, 5, 7, 19] . Anda et al. [2] investigated the acetabular morphology in hip dysplasia with CT and reported anterior deficiency in two-thirds and posterior deficiency in one-third. Akiyama et al. [1] reported the CT characterization of acetabular dysplasia and subclassified as anterior, global, or posterior deficiency based on the anterior and posterior acetabular sector angle. van Bosse et al. [19] recently reported the 3-D characterization of 48 dysplastic hips. They characterized the elongated nature of the dysplastic morphology and identified mean differences between dysplastic and normal hips, but did not identify patterns of deformity in subgroups of dysplastic hips. Haddad et al. [7] previously reported the variability of acetabular deficiency in 10 dysplastic hips that used radial coverage analysis similar to the current study.
In our current classification, a hip is characterized based on the predominant pattern of dysplasia rather than the isolated presence of dysplasia of any severity at several locations. A hip with moderate to severe anterior and lateral deficiency with mild posterior deficiency is classified as anterosuperior deficiency in the current study while likely labeled global deficiency in previous classifications. Recognition of the primary pattern of underlying deficiency may best guide the acetabular reorientation to normalize acetabular coverage. In the current study, global deficiency and posterosuperior deficiency were present as commonly as classic anterosuperior deficiency. The posterior coverage in hips with anterosuperior deficiency was similar to normal controls ( Table 2 ). The anterior coverage in hips with anterosuperior deficiency was similar to normal controls (Table 2 ). These subtypes generally correlate with underlying acetabular version including anterosuperior (anteversion), global (neutral version), and posterosuperior (retroversion) deficiency.
Plain radiographic parameters including dysplasia severity by LCEA or acetabular inclination as well as the crossover sign and posterior wall sign were not highly predictive of underlying acetabular dysplasia subtype. Thus, the subtype of acetabular dysplasia was not able to be accurately characterized with these radiographic parameters. Low-dose CT may play a role in preoperative planning in the setting of acetabular dysplasia to maximize deformity correction at the time of PAO. More precise characterization of anterior and posterior wall morphology on plain radiographs beyond the crossover sign and posterior wall sign may improve the ability of plain radiographs and intraoperative fluoroscopy to identify acetabular dysplasia subtypes; however, further investigation is needed to determine the potential benefit. Acetabular dysplasia subtype was associated with several factors. Despite only having a small number of males in the current cohort, male sex was associated with the presence of posterosuperior acetabular deficiency (present in 80% of hips). Despite the small numbers in this subgroup, the difference was statistically significant with larger but nonoverlapping confidence intervals. Larger cohorts of male patients with dysplasia are needed to more accurately characterize the prevalence of this pattern of dysplasia. Femoral version was not associated with the acetabular deficiency pattern and was variable in all patterns (Table 3) . Additionally, hip rotational ROM was correlated with acetabular deficiency pattern with anterosuperior deficiency having higher IRF and global deficiency having higher ERF. This finding in the setting of no difference in femoral version would suggest the ROM is primarily the result of the acetabular morphology. In the current study, femoral version was variable across all three acetabular dysplasia subtypes and demonstrated no differences between groups. Clearly other factors such as femoral version, capsular laxity, and proximal femoral morphology play a role in ROM. This highlights the consideration for femoroacetabular impingement in hips with posterosuperior deficiency in which the anterior acetabular coverage may be normal and approximately 30% of hips have relative femoral retroversion. This further emphasizes the need for further comprehensive characterization of anatomy including the preoperative anatomy and consideration for surgical correction.
Lateral acetabular deficiency was consistently present in hips with acetabular dysplasia, whereas anterior deficiency and posterior deficiency were variables. Three patterns of acetabular deficiency were common: anterosuperior deficiency (30%), global deficiency (36%), and posterosuperior deficiency (34%). Patterns of acetabular deficiency, however, do not correlate with femoral version. An understanding of acetabular dysplasia subtype is important to the underlying hip pathophysiology and considerations for precise surgical reorientation. Recognition of the underlying pattern of acetabular dysplasia may assist in planning acetabular reorientation and recognition of reduction maneuvers to optimize acetabular position to avoid overcoverage resulting in femoroacetabular impingement or undercoverage resulting in persistent instability.
